DNA 4066F

STRESS-GAGE SYSTEM FOR THE MEGABAR
(100 GPa) RANGE

AmA0359083

Stanford Research Institute
333 Ravenswood Avenue
Menio Park, Celifornia 94025

June 1976

Final Report for Period 13 August 1974—-16 March 1976

CONTRACT No. DNA 001-756-C-0029

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED,

) THIS WORK SPONSORED BY THE OEFENSE NUCLEAR AGENCY
UNDER RDY&E RMSS CODE B44075462 JITAAXSX35220 H2590D.

Prepared for ' ' D D C

Director = "= nr
DEFENSE NUCLEAR AGENCY D FEB 14 1977 (]
Washington, D. C. 203085 '

ST
B

Lt N SN L M Sl A RS - T IS




Destroy this report when it is no longer
needed. Do not return to sender.

¢
Q

AN gy e




UNCLASSIFIED
SECURMSS!FICAT'ON OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

BEFORE COMPLETING FORM

R 2. GOVT ACCESS'ONF")ECIPIENT'S CATALOG NUMBER

é 4. TITLE (nnd Subtitle) TN & PERIOD COVERED

Final Hep@t g
|STRESS-GAGE SYSTEM FOR THE MEGABAR (180 gpa) 13 Aug Th—16 Mar 76 r
Z LRANGL . > . v AT
S e e T _~\SRI Projéet PYU 3654 r

7. AUTHOR(A) CONTRACT OR GRANT NUMBER/ )
P. S. De Carli, Author (5]
T. Bly

Contributors: D. C. Erlich, L. B. Hall, R. ,D}(Mﬂl-?S-C_ﬂ¢297
A. L. Whitson, D. D, Keough, D. R. Curran :

9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT TASK
Stanford Research Institute o~ AREA & WORK YNIT NUMBER

333 Ravensweod Averiue ) . o

Mertlo Park, California 94725 | . Subtask XGX352-20

11. CONTROLLING OFFICE NAME AND ADDRESS 6

Director < //z {June W76 Z e

Defense Nuclear Agency 4 PAGES
Washington, D.C., 20305 80

1€ MONITORING AGENCY NAME & ADDRESS/If difterent tram Controlling Othecn) | 18 SECURITY CLASS (of thra report)

J/ve Carlt, D. c./sruch, L. a./mn.\ UNCLASSIFIED
Rob Blﬁ%\rt Whitson )

oo [ T34, DECL ASY mcnlou OGWNGRADING |
0 : SCHEQUL

T o / N"—-—1

'l 0‘5?5&3\)"0“ STATEMENT (ol ikin Report)

Approved for publie release; distridbution unlimited. =~ '[

Y ST RIBYTION STATEMENT (of the oh.(ugr sntered in Black 30, it ditlerent trom Repon)

[ %uwwniuuuv NGYES -

Thig wm'k n;mmomq by the Defense nuclmu' Agtmey under RIVRE ﬁ!-HS Code
1364075462 JquzT}Xj&'??O H2590D.

B wfy WONBE (Centinue w toveese -Mo H woconsary ol ammr by Riach pusches)

Munganin Goge . , “Manganin Gage Calibration
C o [Mesnibur Btress Gage : EMP lardening oi‘ Mmmwin Guge
: Mutunilelnductance Particle Veloelty Gugo .»ynwm : :
Hugky Pup t)ebrhs Coupling Experimont -

;Emwﬁ? T M T PPy, BTy 1 i ert e Sy

The userul range of the manganin plezoresistive stress trunsducer vas

ogtonded ram the Pormar lamlt of ghout 4% GPa (50 Kbar) Lo sbout 125 6Pa

C (L350 Kbas /. The maJor probles enecuntered was shunting of the gige, cuused

. Juy vhie fnerensed electrical conductivity of insulators at high shoek stiesses.

, ' The effect of shunting vas minimlzed through use of very-lowsizpodance (0.05 to
: , 0.1%-ukis) pages and through careful attuntion to gage geametry. Loading and- (E???' ‘,&QV

elcmm cu)tbrauon datn for mmgunm were obtained over the stress range oo 4 -

oY R s P dmecmts R 4 0

DD .ﬁ:f‘,, 1‘73 ,mam_a_u qr,l_aovcfis‘omgff‘s; o R UNCIASQIFIBD I\

llt:ulwv c»mncnm T THIE PAGE (Whan Dain nxmm

33 5‘00

.§.4

4
18
v

]




e et st T M ST 0T

UNCLASSIFIED
SECURITY CLASSIFICATIDN OF THIS PAGE(When Data Entered)

20. ABSTRACT (Continued)

between sbout 25 and about 125 GPa. The results of earlier work, calibrations
to 45 GPa, are critically reviewed. All of the reliable data on the dynamic
pie.oresistance of manganin can be fitted by the piecewise calibration curveg,

42.CPa. (& R/R)) - 120 GFa (A R/R )%, P < 2 GPa

3 @i‘“(’m’m'”)im e e =~ @ GPa, < P < 15 GPa,
g?:fftf&@;;&;:mihéwgffj_~_~- P i’}?ﬁgfia__—»—’”/////

prototype high-stress mutual-inductance particle velocity gage was designed
and tested. Six manganin gages, one background (unpowered manganin) gage, and
one aluminum preheat temperature gage were fielded in the Debris Coupling
Experiment of the Husky Pup nuclear event. Despite power supply faillure,
attributed to preshot flooding of the instrumentation alcove, excellent time-
of-arrival data were obtained. These data disagree by about a factor of two
with preshot predictions of shock-wave propagation in the Debris Coupling
Exp&riment .
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SUMMARY

The megabar (100 GPa) stress-gage work presented here was ﬁroposed
in response to the Defense Nuclear Agency's need for the capability of
making close~in free-field stress measurements in underground n@clear
tests, In a previous DNA program under Contract No. DNAQO1-73-C-0225,
we had determined that the piezoresistive response of manganin extended
-into the megabar range and that the problems of gage insulation and gage

survivability were surmountable.

The present program consisted of five tasks:
(1) Design, construct, and test manganin gage packages that are

adaptable to field use at very high stresses,

- (2) Determine the effacts of gage package and fabrication
techniques on the response of the gage to stress above

40 GPa (400 kbar). .

(3 Cnlibrate the unngantn gage, “for ‘loading and release, over
tho ntrcis ‘range extending frﬁu about 40 bPa to’ 100 GPa.

:-(4)5'Deni¢n andl conntruct a nutunl-iuductance pavtlcle veloctty
'cue snttahlo m- the mgh--treu region,

(3) " Pleld nix mcmin gages in. the debru couplins experiunt

'-of the llunky Pup - nuclunr evmt. o

All of these tasks have been c:wploted successfully, Manganin gage

. packiges mutablu tor both lﬁbomtory and field use were tested over the-
- nnu raun- to 125 GPn. lmuﬂu; and’ Nlenu ennbmtim data for ’ A
4 uumiu wu obtninud over tho _stress rnnse betvm about 23 nnd about

o 125 GPa, A pmtotyw high«stwu nutuax-indwtuncc putielo vclocity
- gage Unl dumw and tuttd. su nct:lva mgunin tuu. cna haek:round

o (unponud uuuniu) nu. und on. prcmt twcxatuu sqo wu fuldod e

' 1n wuky Pup.
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In Husky Pup, the gage power supplies failed to operate (probably
the result of preshot flooding of the alcove), but excellent time-of-
arrival data were nevertheless obtained. A major conclusion from this
experiment is that manganin gages are suitable for use in close~-in

measurements in the underground nuclear test environment.

Section Il presents some general background material relevant to
the use of laboratory Hugoniot data in computational predictions of
material response to stress waves, Section lII covers prescvnt work on
the high-stress (to 125 GPa) calibration of manganin and also reviews
previous work on manganin calibration below 40 GPa, Section 1V is
devoted to the mutual-inductance particle velocity guge. The Husky BPup
Debria Coupling experiment 1a'discuised in Section V, This section_also
- . includes results of laboratory noalurencnta (granite conductivity af- 1 ,._ 7 A
'hlgh shock otronael. responsc of 1n-grnuite gngos, angd renponse of .
jnnnganln gnge systom to ltuulutad BHP envxronnont) that were made in

' suppors of uusky-Pup._ Appendix A is a hrief de:cription of nll of the

S T PR

”1'-1nhorntory shock-wnvo exporiuents 9artonned on thic ecntrnct.
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PREFACE

Lee Hall was responsible for all instrumentation work, including
the design of the Husky Pup power supplies, James Dempster constructed
the gage calibration assemblies and providéd degign assistance, Jim
Yost, Darwin Henley, Frank Galimba, Ken Mock, Curt Benson, and Nick

Pianca assisted with the experiments. Art Whitson and Rob Bly provided

advice on EMP hardening of the guge system, Donald Curran, Carl Petersen.

(now at SSS) aad Doug Keough were responsible for technical auperViSiﬁn

of the project, Captain Jerry Stockton monitored'the,uusknyup phase
of the program; the gage devélopmont work was monitored by Cdl.;nan‘

‘Burgess and Nr. Thomas Kennedy. Dr. Rey Shunk of SAI was a very

constructive critic of the gage development work.

We are particularly indebted to Al Bartlett for his long hours of

" careful work in fabvicqting'und_assgmblihg the liusky Pup granite cores.

SHINT
T ol
o —

0 1L bt

“.\z-q R L St RO IETS T TV IE PSRy

i o |
L i “""?m:

:".

o
e
{

i ’;-




PR e r b S R AR B s L s PR it A E U g st S 1n s, PR S$NA Soa s - ancinopet ree o

eag Y

vt SRR

CONTENTS

z Saction B . ‘ ) Page

SWY E 40 + 8 &AO ¢ o0 0"0 ¢ & 8 & & & s & & + & & o & o« 1
pREFACE e & ¢+ v 2 e & @ ',' ‘e & & e & 4 s 6 2 e s & e ¢ o o 4 »

[ A )

ot SEEN ¥ i

LIST OF ILLUSTRATIONS 4 4 v 4 o v e v v v e o e o v o us .
LIST OF TABLES o o v\ vt o a v e o v e e e e e e
L aacxcnoum) e e e e e e e
: u mr: mmANxN p:szonssxsmm DYNAMIC STRESS TRANSDUCER . 13

: Review of Bariier Wagk-€a11brations to 40 GPa (400 kbar) 13

~ ¢

'i{:'Pre:ent Work--Calihrntion to 125 GPa (1250 kbar) and
’ Ualoading U&ta I—i At: -0.0 s e s . o'l . . -l . 8 6 5 & 0 17

.3uiscusston BEREE ;;;:{ C e e e e e e e 32

I mmaz.-m)ucrm PARTICLE VEIOCITY GAGE . . . . . .. 34
IV HUSKY PUP-DEBRIS COUPLING axpsams\-r . | :
o _'_-_Lahoratory keuurmtr- e e e e e e e 0
o - Grantte au:mmty ‘at_Nigh Shook Strasses w40

Ina—Gunite Gage Sxperluun '; s e e . ,',Z_~_-._, - 42

ES!P suulluonn .. ; e e e e ~' ¥ i
o “Gage. ﬁy-uu D&&l&n and t‘omtmuon SR . .
""‘"m-mm § : 4

“lusolta ... el e e e Cee s D9

“4"0o_c~olo'gpua_tbuoio,' P 53

I-D“&uiﬂuﬂ - . io ;-0 ::o ‘ o ." e '- . . e _'o'~-0 .-g o a N . . 83 -

i
X
X-
)

'

TR




P P i

G R WS NORATNS e s s e

ZUA

AR R

ki

7

LIGT OF ILLUSTRATTONS

1 Examples of Possible Compression and Release Paths ., « o . 10
2 Manganin Gage Package Design . . . . . . « . ¢« ¢ 4 v o« « & 19
3 Manganin Gage Record at 80 £ 2 GPa . . . . . . ¢« . 4+ « . .. 238
4 Record of 1.5-ohm Manganin Gage in Epoxy-Bonded Lucalox at
100-GPa Peak Stress (Initial vise and fall of record
darkened for clarity in this reproduction) s e s e e 0 s . 24
L] Record of 0,15-ohm Manganin Gage in Epoxy-Bonded Lucalox at
100<GPa Peak SLreSs . . o , + 4 4 4 ¢ v ¢ o o o s « o o + o 25
6 Record of Improved-~Geometry 0,15-ohm Manganin Gage at
100 GPa, with Release to 7i GPa . .+ . . & 4, « « « & &+ &+ » 4 286
7  Record of 0.05-ohm Manganin Gage at 100GPa , , ., . . . . . 37
8 Manganin Calibpation Curve, 0,125 GPa ., , . . . , ., .. . 31
9 Schematic Diagram of Mutuale-Inductance Particle~Velocity
Gugu wXpePlment . o o o o e w0 e d e e e e e 35
10 Mutual=Inductance Gage flecord, 0.6-kass Peak Particle Velocity 38
11  Siwmplified Diagram of Husky Pup Manganin Gage System . . . , §0
12 Busky Pup Power Supply Schematie . . o o 5 o o o . 0 . L. . B
13 Nusky Pup Shielding Topology s . . » . o . o .. .. ... . D5
14 4-inch=Diameter (101.6 mm) Granite Core . . . . . . ; ... 86
15 U-inch-Diameter (203.2 wm) Granite Core s a e C e e .. 87
16 lusky Pup Time~of-Arrival Signal . . . . . . . e .. 8D
Laboratory In-Granite Gage Record . . . . o v o v v v o 4w 61
LIST OF TABLES
ﬂ;nglnln‘cugo Colibration Results . . . . . ;'. - | I
2 Granite Remistivity Myasuremsnts . . . . .. .. ... .. 43
3

Granite Block Time-of-Arrival Datd . . . « .+ . s ¢ . o . . 62




T T ey e

sy et

o
Table

CUNVERSTON FACTORS FOR 1.8, CUSTOMARY TO METRIC (S1) UNITS OF MEASUREMENT

To Convert From

To

Multiply By

Jagstrom

atmosphere (normal)

bar

barn

Hritish thernal unit (thermochemical)

calorie (thermochemical)

cal (thermochemical) -cm?

curte

degree (angle)

degree Fahrenhefit

electron volt

erg

erg second

foot

foot -pound-force

gadion (U.S. liquid)

inch

Jerk

joule 'kilogram (J’/kg) (radiation dose
absorbed)

kilotons

kip (1000 1bf)

kip tnch? (ksi)

ktap

micron

mi |

mile (international)

ounce

pound-force (ibf avoirdupois)

pound-force inch

pound=force "fnch

pounde=force foot?

pound-(orce'lnch2 (psi)

poundemass (1bm avoirdupois)

puund-mnnl-foo!2 (moment of finertia)

pound-mass foot?

rad (radiation dose absorbed)

roentgen

shake

slug

tore (mm g, 0°C)

meters (m)

kilo pascal (kPa)
kilo Bascul (kPa)
meter (mz)

joule (1)

Joule (1) ” n
mega joule/m* (MJ./m*)
giga becquerel (th)*
radian (rad)

degree kelvin (K)
joule (1)

joule (I

watt (W)

meter (m)

joule (1)

meter3 (md)

meter (m)

joule (J)

Gray (Gy)

terajoules

newton (N)

kilo pascal (uPa)
newton-uecond’mz(ﬂ-a/mz)
meter (m)

meter (m)

meter (m)

kilogram (kg)

newton (N)
newtonemeter (Nem)
newton/meter (N'm)
kilo pascal (kPa)

kilo pascal (kPa)
kilogram (kg)
kilogramemeterZ {kg/m2)
ki logram/meter3(kg/m3)
Gray (Gy)?

coulomb/ki logram (C’ky)
second (»)

kilogram (kg)

kilo pascal (kPa)

1.000 000 ¥ E =10
1.013 25 X F 42

1.000 000 X E +2

1.000 000 X E -28

1.054 350 X E +3

4.184 000

4,184 000 X E -2

3.700 000 X E +1|

1.745 329 X E -2

ty, - (t°F + 459.67) 1.8
1.602 19 X E ~19

1.000 000 X E ~7

1.000 000 X E «7

3.048 000 x E -1

1.355 818 .

3.785 412 X E «3

2.540 000 X § -2

1.000 000 X E +9

1.000 000

4.183

4L.,448 222 X E 43
6.894 757 X E +3
1.000 000 X E +2
1.000 000 X E -6
2,540 000 X E -5
1.609 344 X E +3
2.834 952 X E -2
4,448 222

1.129 848 X E -1
1.751 268 X E +2
4,788 026 X E -2
6.894 757

4,535 924 X E -1
4.214 011 X E -2
1.601 845 X E +]
1.000 000 X E =2
2,379 760 X £ -4
1.000 000 X E =8

1.459 390 x E +I
1,333 22 X E -1

» 4
The becquere! (Rq) fs the 31 unit of radioactivity; | Bq « | event/s,

'The Gray (Cy) (s the 81 unit of absorbed radiatfon.,
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I BACKGROUND

During the past 20 years, computer codes for the prediction of
shock~wave propagation in solids have become increasingly complex and
sophisticated, as have experimental techniques for the measurement of
shock-wave propagation. In the early 1950s the fundamental assumption
of the computational models was that solid behavior could be treated as
hydrodynamic--i,e,, material strength effects were not important in the

high-stress region,

The essential input data for the computations were obtained by
rear-surfuce measurements of shock veloeity and freo surface velocity of
a material in laboratory shock-wave experiments, With the aid of a few
assumptions and the application of the conservation laws, each pair of
shock=velocity/free-surface velocity points maps onto a point in the
pressure-volume plane, The locus of states in the pressure~volume plane
{or the equivalent pressure-particle velocity plane) that can be reached
by _shock compression at‘u matertal (from o given initinl state) is called

the Hugoniot equation of state, or simply, the Hugoniot,

. By the early 19608, the inadequacy of the hydrodynaatc model had
teen conglusively ilmutmtoa by the results of wﬂll-denignéd ohe-
dtn&:i-tmm; shock-wuve propagation _ex‘peﬂwms_mnwtals; the hydmdymmlé
model predicted very much lower Attenuat fon rutes than were observed, |
With the development of. tunr@ved stresa-vave generating techiniques, highor-
resolution rear-surface seasurements, wnd sost recently, in-miaterial |
stress"a_ml particle veloeity teansducers, progrossively more refined
cuoaputational sodels could be w-u’x’l.-. It i;rmluul'ly became -appnreut that
the pmimgatmu of strén waves in a coud ii a8 complex :phmumuou that
can be madeled accurately mely”whim all of t_lw iaportant coaplexitics of
sctuial material behavior are lhcorpomted into the sodel, The realiza-

tion of this coapléxity has led to the use of the jemm\l tern “stress

wave” in place of “shuck wave,” which taplies narrowly restricted material

. behavior.




At present, there exist a variety of computer codes capable of
predicting with satisfactory accuracy the outcome of both one-dimensional
and two-dimensional laboratory wave-propagation experiments with various
metals. The common element in the successful predictions has been the
development and incorporation into the computation of sufficiently
accurate and comprehensive constitutive relations (a dynamic stress-

volume-energy equation of state).

These material-specilic constitutive relations quantitatively
account for the effects on stress-wave propagation of detailed material
response including yielding, plastic flow, work-hardening, fracture
(including the stress-time dependence of \he nucleation and growth of
fracture), streas relaxation, Bauschinger effect, heating, and cooling.
The constitutive relations are based on Hugoniot measurements, static
high-pressure measurenents, tests of mcchanical properties at various
strain rates, thermodynamic measurements and calculations, dynamic
fracture experiments, olal!léity theory, considerations of dislocation
dynamics, and any other rélevant data or theories that _ufe needed and

avaﬂab_le..

The development of uccurate constitutive relations tor setals
ruqulrod extensive collaboration among shock-wave physicists, solid-
state physicists, physical and mechanical metallurgists, computer code
specialists, and others. Rapid p;ngranb becase possibly only when the

various specialists leamed tn communicate with one another,

One uay presume thht. at least in principle, the uu-putattonal
Aspccta of vtidtctln; the effects of nuclear explosions in ieologic
media are well understood. The heart of the predictiocn problem therefore
appears to be the demonstrable inadequicy of present knbﬁldﬂ;@ of con~

stitutive rolatlous-fér thu—ccotoglc media of iﬁtéfeﬂt.
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It is perhaps misleading to define the constitutive relations as
a dynamic stress-volume—energy equation of state. Indeed, use of the

term "constitutive relations” is one way of avoiding the implication
that the states of interest are path-independent, thermodynamically
eyuilibrated states. It might be better to state that the constitutive
relations are a detailed description of the response of a material to
stress waves, A bare bhones set of constitutive relations for a wave

propagation calculation could be constructed from a set of compression

and release paths covering the stress-time range of interest.

The variety of possible compression and release paths for geologic
media is illustrated in the following examples. Assume the geologic
medium to be a compact monomineralic rock composed of a mineral known
to undergo a phase transition at high quasi-static pressures. The
equilibrium stress-volume behavior of this material is schematically
depicted by the solid line in Figure l(a); the dashed lines represent
metastable compression curves for phase I and phase II, Figures 1(b),

1(c), and 1(d) depict some possible reasponses of this material to stress=-

wave compression and release.

Figure 1(b) illustrates metastable response. The compression path
is the Rayleigh line connecting the initial state (Oo, Vo) with the
state (01, Vl) on the metastable extension of the phase I compression
curve, The release path is the phase I isentrope, This type ol response
is experimentally observed for quartz single crystals and for compact

quartzite loaded to peak stresses within the stability field of coenite.l

Figure 1(c) illustrates rapid (somewhat overdriven) phase transition
behavior. A double shock forms in theo material; the compression path is
from the initial gtate (ap, vo) to a state (02. Vz) on the metastable

extension of the compression curve of phase I and, in the second shock,

from (02, Vz) to the state (03, Va) on the compression curve of phase II,

U PRI
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(01. V1)
a
ta,, V)
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v v
(s} EQUILIBRIUM STRESS-VOLUME (b} METASTABLE RESPONSE
BEMAVIOR
(03, Va)
(05‘ Vu)
¢
)
. : o
\' . v
e} RAMD PHASE TRANSITION BEMAVIOR ' (d) VIME-DEPENDENT PHASE ru_nunou
. - ) ' BUNAVIOR Co
: MA-314083-18

FIGURE 1 EXAMPLES OF POSSIBLE COMPRESSION AND RELEASE SATHS
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The release path is along the isentrope of phase II down to a state
(04, V4) in the stability field of phase I and thence to the initial
state., This general type of behavior has recently been observed for

2
quartzite and feldspar loaded to peak stresses of about 50 GPa,

Figure 1(d) illustrates time-~dependent phase transition behavior
in response to a stress pulse of relatively long duration--e.g., 10 sec,
The initial compression path is to the state (01, Vl) on the metastable
compression curve of phase I. As the transformation proceeds, the mate-
rial relaxes towards the state (05, V5) on the compression curve of
phase II, The stress is relieved and the material expands along the
isentrope of phase Il down to zero stress hefore transforming back to
phase I, There is a hint of this general type of behavior, on a micro-
second time scale, in recent Lagrangian gage measurements of the response
of dolomite.3 However, one can argue that this type of behavior should
be fairly common on a millisecond time scale at high stresses (and con-
comitant high temperatures), invoking extrapolations cf sparse static

high-pressure phase-transition-rate data,

The threoe examples, Figure l(b), (c), and (d), of materiul response
were presented in ordor of their effect on stress-wave attenuation, If
one recslls that the area enclosed by the compression and release paths
is the internal ecnergy 1ncfcnse of the material, one need not invoke
the details of rarefoction wave propagation to realize that the stress

wave would be much more attenuated by a muterial responding as in

Figure 1(d) than by a material responding as in Figure 1(b).

" Present coastitutive models of silicate behavior at high stresses

;uro'batcd largely on flhigoniot data derived from rear-surfice measure-

monts made over the past 20 years. Rear-surface measurements are subject

V’to large experimental uncertainties and ambiguities of interpretation if
'tha -ntarial}rtlponne is copnlicntod by phase transitions. These

L e e A —t st T
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limitations of rear-surface measurements have been largely circumvented
by the recent development of in-material gages to measure stress and
particle velocity, Lagrangian analysis of properly designed in-material
gage experiments permits determination of complete compression and
release paths, even for a material that undergoes dynamic phase transi-
tions., In contrast to rear-surface measurements, Lagrangian analysis

of in-material gage experiments does not require any assumptions of
material response or of steady wave behavior, although one does require

suitable stress and/or particle velocity gages.

Prior to the present work, experiments with in-material stress
gages were limited to the region below 50 CGPa and calibration data
were available only for the region below 40 GPa., One of the objectives
of the research presented here was to develop and calibrate a technique
for the measurement of stress-wave profiles over the range to 100 GPa,
This objective has been achieved, with the extension of the range of
the manganin stress transducer to approximately 125 GPa., Using a
Lagrangian array of in-material gages, we have measured t:» phase transi-
tion behavior of granite at a peak shock stress of 80 GPa. Tentatively,
we infer that previous Hugoniot measurements do not accurately describe

the respone of granite in the stress region above about 50 GPa,




I1 THE MANGANIN PIEZCRESISTANT DYNAMIC STRESS TRANSDUCER

Review of Earlier Work--Calibrations to 40 GPa

Manganin, an alloy nominally of 84% Cu, 12% Mn, and 4% Ni, was
first used as a hydrostatic pressure transducer by Bridgman in 1911.4
It must be noted, however, that Bridgman credits Lissel with the first
accurate measurements of the piezoresistivity of manganin and with the
suggestion that manganin be used as a pressure transducer.5 In 1962,
Fuller and Price reported measurements of the dynamic piezoresistance
of manganin,6 and in 1964, Bernstein and Keough7 reported on their
development of the manganin dynamic stress transducer. Since that time,
manganin gages have become widely used, both as in-material gages and

as rear-surface gages, to instrument stress-wave experiments,

As an in-material gage, the manganin tranaducer is imbedded in the
material under investigation. Insulation layers, necessary if the
material is an electrical conductor, are made as thin as possible in
order to permit the transducer to rapidly achieve stress equilibrium
with the material, The rear~surface gage consists of a manganin
transducer imbedded in an insulator of known shock properties. This
gage is bonded to the rear surface of the material under investigation,
The stress response of this material is inferred from measurements of

the stress wave transmitted into the insulator.

It has been stated that the reproducibility of manganin stress-
wave measurements is abouf 20%;8 this statement was apparently based
on the disagreement between the Fuller and Price results and the
Bernstein and Keough results. However, one must recognize that accuracy
was not a prime consideration in some of the exploratory studies of the
dynamic response of manganin. More recent results indicate that the
dynamic piezoresistance of manganin is highly reproducible and that
interlaboratory agreement is oxéollont. at least over the carefully
_ studied stress range of 3 to 15 GPa. | |
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Over the stress range of 2 to 15 GPa, Barsis et al.9 measured a 3
dynamié piezoresistance coefficient for manganin of 2.9%/GPa. Stresses
were produced by plate impact, resulting in flat-topped stress waves,
and their claim of 1% accuracy in stress measurement appears justified,
Their gages were 50-ohm grids, chemically milled from Driver-Harris
shunt manganin foil (10 wt% Mn, 3.5 wt% Ni, balance Cu). The gages had
a sufficiently high resistance to permit accurate two-terminal measure=-
ments, and their measurement technique (the gage formed one leg of a
Wheatstone bridge) cannot be faulted, They do not so state, but one
may infer from their paper that the reproducibility of their stress-
resistance values was within about % 3%. Over the stress range of 0 to
2 GPa, their data indicate that the dynamic piezoresistance coefficient

increases from about 2.4%/GPa (the hydrostatic value) to 2.9%/GPa.

Leelo has also made accurate measurements of the piezoresistance

of manganin over the stress range of 0 to 10 GPa. His measurements

were made on l-ohm four-terminal gages made from Driver-Harris wire

(12 wt%, Mn, 4 wt% Ni, balance Cu) imbedded in epoxy. Despite differences
in gage construction, manganin composition, and mersurement techniques,
Lee's results were virtually identical with those obtained'by Barsis et
al. Lee's stress measurements (of flat-topped stress waves) appear to
have been accurate to within 1%, and his relative resistance measurements
were nppnrently of similar accuracy, except at stresses below 2 GPa,

whore one may infer possible errors of 5%, Lee fitted his data with a
cumbersome fourth-order polynomial that is volid only over the runge of

0 to 10 GPa. Over the range of 2 to 10 GPa, however, his data fit a _
linear coefficient of 2,9%/GPa. %

Fuller and Priooa initially roportod-a aich lower dynamic coefficient

N Nt s

of 2,1%/GPa for two-terminal 3-ohm wire gages in epoxy. On the basis of - .

improved Hugoniot data Yor the epoxy, they subsequently revissd the

coefficient upward to about 2.4%/09&.11' However, they used explosive~in- *




. contact geometries to produce triangular, rapidly attenuating stress

waves and inferred stress from shock velocity measurements, Unless
adequate corrections are made for attenuation, this procedure leads tc
an overestimate of stress, One may infer that errors in stress measure-
ment, together with errors in two-terminal resistance measurement, are
adequate to account for the discrepancy between their results and more

recent results.

Keough and his co-workers have made numerous four=terminal measure-
ments of the dynamic piezoresistance of manganin in various insulators

- . 12,13
over the stress range of 0 to 36 GPa,

They found no essential
differences between the response of wire gages (12 wt% Mn) and the
response of gages photositched from shunt manganin foil (10 wt% Mn) at
stresses hbove the fnsulator Hugoniot elastic limit (HEL), At stresses

- below the insulator HEL, wire gages in Lugalox (fully dense A1203 caéamic)

é had an anomalously high resistance change, relative to foil results.: N

that was attributed to iihe effects of wire defurmation. Keough fitted

hfs*dnta to a -coefficient of 2. 9“/GPa.onr'the range'of'o‘to”17 GPn;' -

He 1nterpreted his higher-atresa datn in terms of a decreaao in the

*}tnditferentinl plezoresistance coeffictont to nbout 1.8 %/GP& over the

i L ;kiffff;“ntrguq.rango btheen 17~nnﬂ 36 GPa. Keough used toth plate-impact *141\

T o t ;"fiv‘;(llnt-tbpbéd stress wnves)-and axploci#g?tﬁmeontact'(trtnngulnr stréli‘-

1fwaves) in hia culibrntion experiments, and the accuracy of his atresn '
uenuurenaﬂtu ranged - fron nbout 1% for the bost plate-inpuct exporimentow

B “to ahout 10% for some of the exploaiVe-in-contnnt axperimont.. 'lt

: lhould bc noted thnt-Koough did not nuke-axtenl!ve-neunurenonts in the .-

1ntr¢sl rnnco helow 3 GPa; ha liuply axtrapolnted ‘his blghcr stress

51‘_ rouultl doinvard.: At leﬂst ovar the rcngo o! 2 to 18 GPa. tho r'lult.
- "04 Keouch ‘and coworkefn uppoar contlraod by the iubtequcnt itudioc oz

S lee and of Bnrcip ot ul. The ncattor in-xoough'n ro:ult; is lurloly _
. sis o Taseribable to errors in;ntrOla ucuturnlant and’ to uncortulntien n tho R
e ‘_.'tnnuiator nugonzots,, - : -




The piezoresistance of manganin has been less intensively studied
in the stress range obove 15 GPa, Possible errors in the Fuller and
Price studjes, which extend to 30 GPa, have already been noted. Dremin
and Kanell4 made two-terminal measurements of the response of l-ohm
manganin gages over the stress range of 10 to 45 GPa. They do not
estimate the accuracy of their measurements; one may infer possible
10% errors in stress determination inherent in their use of "standard"

explosive-in-contact geometries,

15 '
Lyle et al, measured the dynamic piezoresistance of manganin in
six experiments, over the range of 7.7 to 39 GPa, Their stress determina-
tions, based on flat-plate impact velocities, are inferred to have bheen '

accurate to within at least 2%. 'However, their two-terminal resistance

S AR e S g ..

measurements of 7-ohm gages may have been of lower accuracy. Their data

for the experiments at stresses below 17 GPa imply a pilezoresistance

BT

coefficient of 2.7%/6Pa,-wh1ch"1s significantly less than the value of
2,9%/GPa cited above, Their data above 17 GPa progressively diverge

from Keough's resuits, although they do support Keough's inference of - Vo

SR Ay

T a deoreaae in the‘dlfterential piezorouiltiva coefficient of manganin,
Lyle et al. measured a resistance increase of §8% at 39,2 GPa; it one

oxtrapolutot xeongh'l calibration rron 36 GPa, o 93% rnlint:ncc 1noroalo

vould ‘correspond to- a itrosa of about 46 GP:.V It must be nqtgd that

o ﬂont of Keough' l~noalurenontl~nbova 17 GPa were exploratory 1ﬁ h‘fﬁ*9"

N i em it g i A

o o aceuraey ot stress daterhinatiou was not.a prime connideratioa On

'u"?f .the other hand, the uajor unoortninty 1n th» Lyl- et al. twa~tera1na1
unnourclantu is tho chnngc in. load renintanoa at high lhock .tratltu*

At 40 opa, the ouwmed ﬂuzonxat temporature. °f their copper leads is

Ceeteiog ey o ¢ S et s et et

i ‘about 300 ¢, aorrolpondinc to. ) doubling of the-ao c initial 1¢ud
o uoutmcc. » Ona mld oxpcct aa additioml tncm-nt xn lud ruuunoo
:”. duo‘to lattice dotoatt~sun¢vutod tn ohock'co-prcslion. and further
L clnnnp 1n lnd munnco ma ho cmud txy lm ttrotening due to
o dmmng low vum.m' Leads exit’ the mgn-stm- mion. L
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It must be noted that the dynamic calibrations of manganin are
based on the response of manganin to a peak stress and are not neces-
sarily relevant to the response of manganin upon subsequent stress
release. Keough has noted an apparent hysteresis in the unloading
piezoresistive response of manganin; the final resistance of a gage
after a loading-unloading cycle is higher than the initial resistance.
The magnitude of this "permanent” resistance increase ranged from 2% of
the initial resistance after a O~to-6-to-0 GPa cycle to about 7% after
a 0-to-15-to-0 GPa cycle. Limited calibration data obtained in step-
release experiments, however, indicated that the piezoresistive behavior
of manganin during release appears to be linear., Barsis et al. also
noted that their gages failed to return to initial resistance values

after stress release, and suggested that mechanical damage was the cause,

Barsis ot n1.9 and Rosenberg et nl.16 have observed that the dynamic
plezoresistance of manganin is significantly decreased by prior cold
work (50% reduction in thickness by rolling), Rosenberg et al. also
noted that the hysteresis is decrensed as a result of the cold work,

Both groups found that the original piezoresistance was regained by
‘annealing. '

Present Work--Calibration to 125 GPa, (1250 kbar) and Unloading Data

The material used in the present study was 0,001-inch-thick
{0.025 mm) manganin foil shunt stock from the Driver-Harris Company,
Harrison, New Jersey. This material has a nominal composition of 86% Cu,

10% Mn, 4% Ni, and is from the same roll as the material studied by

- Keough and Wong. All measurements were made with four~terminal gages

having aspect ratios (widtheto-thickness) of at least 20:1 in order to

- minimize pqcniblc'tvo-dincnltoinl flow effects. The gage is honded

betvesn plates of insulating material to form a gage package that is
bonded to the rear surface of a metal base plate,

s+ ¢




It must be noted that the details of manganin gage construction and
packaging are crucia} to successful operation in the stress range above
about 45 GPa. Many of the insulators commonly used in gage package
construction become fairly good electrical conductors at very high shock
stresses., The gage package design that evolved in the course of the
present study is illustrated in Figure 2. The manganin gage element is
bonded between plates of a material known to remain a good insulator at
high shock stresses, Fully dense Alzo3 ceramics and fused silica were
found to meet this requirement, The insulators and gage element must
be bonded; eliﬁination of trapped air that would ionize under shock con-
pression is more important than mechanical strength, After some experi-
mentation, we adopted a standard bonding medium of type 1100 Homalite
epoxy, loaded with 31 wt% 0.3-ym o-AL0 powder. The ALO loading
appears to result in a somewhat higher resistivity, relative to unloaded
epoxy, at high shochk stresses, but 1t must be emphasizgd‘that the resist-
tv;ty of even the loaded epoxy becomes quite low, of the order of one
ohm=cm, ‘at shock stresses near 100 GPa. Thefatbrg it is important to
ninimize the area of the. ahunt'pa£h~throu¢h the Iénded epoxy by making 1

the bond layer a8 thin as potsible. Typicnl bond !¢yer thicknesses

achicved ‘were 0. 033 ma, including the 0. Dzs-um-thick goge eolement, (The 3
31 wt% loading of Alaoa vas the higho:t londtng compatiblo with minimum %

bond=layer thicknocl.) The Itngth of tho ahunt path through the epoxy
is maximized by the cooustry of the gngo Qlonant. and the relative
offect of lhunting in roauced by usinc gngot of vory-lov-inpodanco.

‘A flat-topped shook~vavo 1l'br0dnced by tho impact of an explosively

uccaligqtgd matal flyer plate o the base plate, Since the Hugoniots

ot the tlyor-ptgtq'u@toriai?und tho-b&uo-pinté[uatorisl are known, the

' lhdck'ttr0l571n th§ Bino p1a§¢*cnh bc dotcrnihid by & single measurement,

either ot thnraplate impact vcloolty. o! shock voloctty in the base _
pltt., or ot trao uurtno. v.loctty ot thc base pxato. In most of the .

U

p
o7




;

{

. MANGANIN

: GAGE ELEMENT

}'iv

. »

3

!: A Volisge Luads
B8 Current Leads

MA-J154-27
FIGURE 2 MANGANIN GAGE PACKAGE DESIGN

L S/ S




] N )
T I I

present experiments, coaxial self-shorting pins were used to measure
all three quantities and to measure the planarity of flyer-plate impact.
In general, these three independent measurements of base-plate stress
agreed within 5% or better. In a few experiments, because of either
oscilloscope malfunction or a faulty pin, only free-surface-velocity
measurements were obtained. For these experiments our worst-case

estimate of the accuracy of base-plat: stress measurement is * 10%.

The stress in the manganin gage package 18 detemmined by impedance
matching at the base-plate gage-package interface, using available
Hugoniot data. With one exception, a fused silica gage package, v1sta1‘
(a fully dense A1203 ceramic) was used as the gage package material in
the calibration experiments,

Although no Hugoniot measurements have been reported for Vistal,
per se¢, one may note that Hugoniot measuremc.ts have been reported for

single-crystal A1203 and for various Alzo3 ceramics over the stress

range of present interest. Since the single-crystal data and ceraamic

~data are identical within experimental error (in the pressure-volume
" plane), we feel safe in presuming that the single-crystal Hugoniot
q&nquntcly represents the Vistal Hugoniot. '

The base-plate muterials used were OFHC copper and 2024 T-6

. -alusinum, chosen because their Hugoniots are very well determined. The

release adiabat of coppir was assumed to be 1donticnlrwiih the Hugoniot,
in 6rdtr to calculate the stress transmitted into Vistal or fused-quarts
klci packages. Experimenta) data on copper fres-surface velocities

" {ndicate thut, at worst, this assumption would lead to only a 3% error
in calculated gage package stress. In calculating the stress transaitted

into Vistal t:op_nnvnlunihu-'bcln plate, ve approximated the reflected

o shock udconiot of aluminua by the single shock Hugoniot. Calculations

mn corp., “‘d“. Colo,
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of internal energy differences between reflected shock states and

single shock states in aluminum, together with available P-V-E equation-
of-state data obtained from shock experiments with porous Al samples,
indicate that this approximation introduces an error of less than 2% in

calculated stress,

In some experiments, the gage packages wete backed by a lower~
impedance material to provide a step release to an intermediate stress,
calculated by assuming the release adiabat of the gage package material
to be identical with its Hugoniot., Since Alzoa is relatively incompress-
ible and is experimentally found to undergo no phase transitions over
the stress range of interest, this assumption is reasonable for Vistal
gage packages. Fused quartz is highly compressible and is believed to
undergo a phase transition; the release adiabat is expected to differ
significantly from the Hugoniot. In the absence of accurate experimental

data, we can only bracket the range of possible fused~quartz release

adiabats by extreme assumptions of materiul bvehavior during release,

The measurescnt system used was essentially identical with the
system used by Keough and Wong., A ponltunt current is passed throdgh
the four-terminal manganin guge and the voltage acrose the central portion

betwean the volt__lsc leads is monitored by o cuora-oquxppcd oscilloscope,

The power lupply'&onl(:tn basically of a 90-up cupqcitdr (charged to
8500 V) in series with a ballamt rasistor, u silicon-controlled rectifter
(S5CR) switch, and the gage. In an experimental measurement, the power

supply is triggered 8 to 80 ua piinr té shock-wave arrival at the giage.
. The tnitial current step through the qud if recorded as a voltige step,
_ proportional to the gage resistance. The cliange in gage vesistance

upon shock wave zrrival appsars as &n additional voltage step on the
oscilloscope record, The ratio of resistance change AR to inital

- resistance Ro can be determined from the measured voltage ratio

AVNO, corrscted for the eifects of emxu _u'ud,'md gage miotineu

e
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and for any decay of capacitor voltage over the period of measurement.
In the present experiments these corrections amount to less than 1%

and can be ignored.

Ideally, the voltage ratio AV/V0 (and therefore the resistance
ratio & R/Ro) can be determined to an accuracy of about 1%, limited
primarily by oscilloscope linearity. Because of the exploratory nature
of the present experiments, optimal instrumentation conditions wcre
not predictable, and the accuracy of A V,"Vo measurement was somewhat

lower, but generally within about 3%,

The mujor source of error and the major problem associated with
the use of manganin gages at very high shock 3tmsbes is shunting
caused by the development of substantial electriecal conductivity in
shock=compressed insulators., In the present work we hhve attempted to
ainimize the shunting effect by careful attention to gage geometry and
construction and by using gagos of very low impedance (0.15 ohm), This
is contrastod with the usual practice of uring l-to 10-olm gages in four-

terminal measuremants and 10-to-50-ohm gages in tvo«tornxna; sgasureaents,

A near-fdeal gage record (0.15~ahn gage in Vistal) at 80 *'2»093 i
reproduced in Figure 3. The voltage-versus-time profile corresponds in

shape and duration to the stress-versus-time profile calculated from the

et e,

flyer-plate impact parameters. Fiuuren 4,5,6 and 7 are gage renords of
1 -topped 100-GPa stress waves, showing the effects of progressive

3 eoln i

feprovements in gage design. The 1.S-olm-guge récord (Figure 4) is
virtuilly useless except as an indication of stress-wave time of Arrivux.
Heduction of ;njc ftupedance to 0,15 olm (Figure 5) resulted in a tubs;untial_.
iuprovessnt. Although ths guge profile is not flut-topped, the droop
could be interpreted as the result of the progressive increase in the
sres of the shunt path as tho shock propagated through the gage package.
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FIGURE 6 RECORD OF IMPROVED-GEOMETRY 0.15-ohm MANGANIN GAGE AT 100 GPa, WITH

RELEASE TO 71 GPa
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Figure 6 illustrates the results of improvements in gage geometry
and construction, with a 0,15~ohm gage of the type used in most of the
present calibration experiments, as illustrated in Figure 2, Another
difference in the gages of Figures 4 and 5 was the use of Vistal instead
of Lucalox as the gage package material, However, since the two mate-
rials are similar, fully dense, A1203 ceramics differing only in grain
gsize, one would not expect them to differ significantly in electrical
conductivity at high shock stresses, The gage package of Figure 6 was
backed by aluminum in order to obtain a step release to approximately
71 GPa, The correspondence between the observed voltage-versus-time
profile and the predicted stress-versus-time profile is greatly improved,
in comparison with the record of Figure 5. The presence of the spike
on stress-wave arrival and the deviation from flatness of bhoth the stress
peak and the release step are evidence that shunting has not been com-

pletely eliminated.

Further improvement in the fidelity of the manganin gage response

was attempted via reduction of gage impedance to 0.05 ohm (Figure 7).

‘Although this record is noisy, one can observe that the relative resist-

ance change is about 10% larger than was observed with the 0,15-ohm gage
at the same stress of 100 GPa., One may deduce Zrom the shape of the peak

that shunting similar in character to that of Figure 6 is still present.

S8ince the 0.185-ohm and 0.08-ohm gages were geometrically similar,

 one oan calculate an average resistance of about 10 ohms for the shunt

path through the insulator at 100 GPa., Since the gage current leads

are linganin and since they also change resistance upon shock arrival,

it is appropriate to base this calculation on the two-terminal resistance .

of the gage, measured across the current-carrying region in the gage
plane. These values are 0.4 ohm (for the 0,18-ohm gage) and 0.1 ohm
(for the 0,05-ohm gage). e

,,\‘..-
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The results of the calibration experiments are listed in Table 1.
The raw resistance ratios are based on measurements of the flat portion
of the voltage peak, and we also include the ratio determined from the
height of the initial spike, where present., In one experiment, a gap in
the oscilloscope trace is noted. It is presumed that the gap was due to
a voltage excursion (an initial spike) that exceeded the recording capa-
bility of the oscilloscope camera., The corrected resistance ratios listed
in Table 1 reflect estimates of both measurement errors and the magnitude
of the shunting correction for each experiment. In estimating the shunting
correction, we have taken into account the presence and amplitude of
initial spikes, the correction at 100 GPa inferred from experiments with
gages of different impedance, and the correspondence between observed

voltage-versus-time records and calculated stress-versus-time profiles.

The pregsent results, some of Keough's higher-streass data, the 2-to-
15-GPa calibration line, and the results of Lyle et al, are plotted in
Figure 8, Over the stress range of 15-to-125 GPa, the response of
manganin appears to be linear, within the accuracy of the experiments,
and both loadihg and unloéding data can be fitted by a plezoresistance
coefficient (over the stated range) of about 2,1% (* 0,2)/GPa, 1If one
excludes thévépparently complex region below 2 GPa, all of the reliable
déta on the dynanié piezoresistance of manganin can be adequately fitted
by the:tvuypiogp,linanr calibratiqn curve:
 _' .- . 38 GPa (An/no) , 2GPASPS15GPa

P =
> .48 CPa (A R/R ) = 5.6 GPa, P 215 GPa .

VThO'dth‘bf;Bl?lll ot al, and of Les on the response of manganin

‘: §0101 3.GPa can then be adequately fitted by a second-order polynomial:

P w43 aPa (AR/R) - 130 aPa (A mo)z. P<20CPa .
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For the dynamic loading regime, the accuracy of this three-piece
calibration curve is estimated to be % 5% over the range of 0 to 15
GPa, decreasing above 15 GPa to about £ 10% over the range of 30 to 125
GPa. On the basis of present evidence, the same calibration curve applies
to the unloading response of manganin, with an estimated accuracy of
= 10% over the entire range and an additional constant error term of
+ 0 to 3 GPa, The constant error term is a reflection of the observed
hysteresis, the "permanent” resistance change of a manganin gage after

unloading from high dynamic stress.

Discussion

The piezoresistance of manganin appears to be remarkable well
behaved over the entire dynamic stress range of 0 to 125 GPa, for both
loading and unloading. Although a more accurate calibration in the
high stress region would he deairable, the mancaniﬁ gage is now suffi-
ciently well developed for practical use in the study of complex phenomena

such as dynamic phase transitions. over the‘streaa range to 125 GPa.

We note that Murri and his coworkers have used in-material Lagrangian
arrays of manganin stress gages tvobtain inading and unloading paths
(in tﬁc pressure-volume plane) for quartz. feldspnr. and dolomite rocks

over th. stress range to about SOKGP.. It uow seems possible to extend

_the Lagransisn guge tachnique to uunh‘highor otro-ces, provided that the

lntcrials of interest do not becuno 0xcﬂllivoly good electrical couductorn

undcr lhock compression,

ln 1ntcrpr¢t1n¢ tho results ot v.ry-high-stronn manganin gage
uouluronnntl, the grcutuut unccrtainty is assccintod with the possibility

« "ot ahuntinc e to shoex-induead conducttvity effects in the surrounding
) - natortul. Th&- uncﬁrttanty cln be croatly ‘reduced by using two gngos.
 :;5 goulntrtntlly similar hut-dittortn; in initial impedance by about a

L factor of two, in each gage plane of sn dn-materisl gage experiment. Any
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difference in gage response would serve as a basis for estimating the

shunting correction., It must also be noted that we interpret our
successful use of 0.05-ohm manganin gages as an indication that gages

of even lower initial impedance, perhaps as low as 0,005 ohm, should be

tried.
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II1 MUTUAL-INDUCTANCE PARTICLE VELOCITY GAGE

The mutual-inductance particle velocity gage has been extensively
developed for use in a low-stress (0 to 2 GPa) environment. The gage
is currently in laboratory use and it has been successfully used in the

field in the Essex, Mixed Company, and Pre-Dice Throw programs.

The gage consists of interleaved primary and secondary windings
imbedded in an insulating matrix. The primary winding is energized by
a constant current prior to stress-wave arrival. On stress-wave arrival,
the length of the gage changes and the mutual inductance therefore
changes, with the result that a signal is generated in the secondary
winding, Particle velocity u and signal voltage E are related through
the equation

E=(MI/L)u

where M is the mutunl inductance, I is the current in the primary,

and L is the gage length,

To adapt this gage to the very-high-stress region (100 GPa), a
primary requirement is that the gage be imbedded in a material that
remains a reasonably good insulator at such high shock stresses. If the
environsent is noisy, shielding will be necessary, and it is important
to determine the nenltttvity of the gage to a nearby soving conductor
(the shield). ' '

A_prototybc'glto was constructed, using a fused silica insulating
matrix, Fused silica remains a good insulator up to very high shock
stresses. The design is illustrated in Figure 9.

Por the experiment, we used o standard aluminum gas gun projectile,
modified by the addition of a Sl-sm-long solid Lucite hsud extension to

oo -
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which was attached a 6.4-mm-thick Lucalox (A1203 ceramic) head, This
projectile, accelerated by maximum helium pressure (41 GPa) in the SRI
63 mm gas gun, impacted the fused silica gage package at 2 velocity of
0.773 km/s. Using available Hugoniot data for fused silica and for
A1203 ceramic, together with the measured impact velocity, we calculated
an impact stress of 7 GPa and a particle velocity in the fused silica

of 0.60 km/s. Analysis of the gage record (Figure 10) yielded a peak
particle velocity of 0.55 km/s, about 8% below the predicted value.
Possible errors in either the prediction cr the analysis of the record

are large enough to account for the discrepancy.

In a previous test of this gage package we usod a special non-
conductive gas gun projectile because we feared that the response of
the gage would be perturbe. by the proximity of a rapidly moving
conductor, Our failure to obtain data in that éxperiment vas attributed
to projeéttle breakup during acceleration, 8Since we diA not wish to be
sidetrackad by problems of nonconductive projectile development, we
simply added o nonconductive estension to a standard aluminums projectile
for the second experiment. We did not know how long the extension had

30 be, to avoid pqriurbation»ot the guge response by the aluminum

| portion of the projectile, However, since attajinable impact veloeity

decreases vith increasing projectile mass, saxisum impact veloéity was

a conflicting requirement. -Tho Slemia length chosen vas a compronise

 value, based on experience vith loop~type electromagnetic particle

_ velocity guges. W¥e therefore used an additional cscilloscops to monitor

the gage output during projectile approach. We wore adle to cobasrve no
sighal attributsble to porturhnilonn by the conductlv-‘poftion of the
projcetili.  ?&0 tirst signal obaerved corresponds to the sxpected
arrival of the stress wave at the ““..v ' |

It appears that the applications of the sutusl-inductance gage are
not as restricted as we had %ormerly feared. In this experiment, a

8




Lo separation of 51 mm was sufficient to isolate the gage from perturbations

by a conductor moving at 0,77 km/s, It should be practical to develop

EPIIeN

shielding techniques to permit use of the mutual-inductance gage in an

electrically noisy environment,
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FIGURE 10 MUTUAL-INDUCTANCE GAGE RECORD, 0.8 km/s PEAK PARTICLE
VELOCITY
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IV HUSKY PUP DEBRIS COUPLING EXPERIMENT

The Huaky Pup Debris Coupling Experiment (DCE) was motivated by

the nee¢ to test the accuracy of computational modeling of the shock
wave produced by the impact of debris accelerated by a nuclear explosion.
In essence, the problem was to design a practical physical experiment
that would also he simple and unambiguous, from a computational view-

'; j_ point. The experimeut chosen was the impact of device-accelerated

. . debris on a surface of a large block of homogeneous material, Trans-
ducers within the block would provide data on shock-wave parameters for

7 ? compariscn with computational results. The block had to be large, so

‘ % that neither the transducers nor the computation would be affected,

over the times of interest, by shock-wave interactions originating at

O

lateral material interfaces.

g The largest size block compatible with tunnel dimensions of the
g ) Husky Pup experiment would be a cylinder about 8-feet (2.4 m) in diameter;
%’ with this maximum diameter, a length of 10 feet (3 m) would be sufficient.
% Granite was chosen as the material for the block because it met all of

é . % the experimental requirements and was much less costly than alternative

matorisis such as metnls or glasses, To minimize fabrication corfa.
the cylindrical crons-section was approximated by an octagonal shape,
8 fact (2.4 m) across the flate,

_é_ o ; ' . Thtreen%or of one end of the granite quasi-cylinder was to be
SR iqpaotod'by the debris. Flst~£ottouod holes, ‘4 inches (0.1 m) nnd's
ft&ch#& (0.2 :Swdianstér,'wcrt corn»drillid trom the other ond-ot the
"'qmu-cylixmr with thetr nxes c!lrcoted toward the working potnt.
Alunlnun-ahia!deu core nsaeubllan. oontaining vartous 1n-¢ran1to -shook~
;fj;jrff Cowmve tranuducnrs vare o be placod in_these holes. Ai essential u:per;u'
. ltutnl roqnirnlcnt was thnt thi\nhock yroﬁ.cntion chnractorintics of

thb uorc aasanblie: ﬂatch th. lurrounding :rnnite nl clo-aly ai posni&xo.
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'rtatglz ip 0.D. in order to avoid air=filled upaces, which would ionize

SRI was initially committed to design, fabricate, test, and field
six manganin stress gages in the Husky Pup DCE, We actually fielded
six active manganin stress gages, one background (unpowered) manganin
gage, and one alumiaum temperature gage. Despite power supply failure,
apparently the result of preshot flooding of the power supply alcove,
exceilent shock-wave time-of-arrival data were obtained that complement
the time-of-arrival data obtained by the other DCE experimenters. These
time~of-arrival data, together with available equation-of-gtate data on
granite, indicate that actual stresses at various propagation distances

were approximately double the computationally predicted values.

It must be noted that the DCE was an add-on te a previously planned
and tightly scheduled nuclear experiment. Planning of the DCE took
place concurrently with the laboratory development of the experimental
techniques that were used; improvements in the design of the DCE were
being made within 2 months of the acheduled Husky Pup execution date.

In this section we initially discuss the laboratory studies that were
performed in support of the design of the DCE, These studic¢s were:
measurement of granite resistivity at high shock stressea, in-granite
manganin gage experiments, and EMP simulations to test shielding designs.
¥We then dilcull gage system design and construction, fielding, and

experimental results of the DCE,

Laboratory Measurements

Granite Resistivity at High Shock Stresses

Two'axpct;nonts were performed to measure the electrical resistivity
of Rayuondfgruni;o'ap htﬁh shock stresses. Granite samples 2 am thick
by 30 mm cqqaré-yorc;nountod on the copper base plates of Experiments

3654-1-3 and 3684-1-4. Each sample was backed by an anvil made up of a

copper ﬁloctrbda 3.1 A 1n.dial9tor'nnrroundod by a‘close fitting Lucalox
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under shock loading, the assemblies were bonded with 0.0l-mm-thick
layers of Homalite 1100 epoxy. A l-ohm viewing resistor was connected
in parallel with the sample--i.,e,, between the base plate and the rear
copper electrode. Prior to shock arrival at the sample, a constant-
current pulse of about 5A was passed through the resistor, and the
voltage across the resistor was monitored with an oscilloscope. A
substantial decrease in the resistivity of the granite sample would

produce a voltage decrease due to shunting of the l-ohm resistor.

The experiments were designed to measure sanple resistivities
over the range of interest for gage design purposes, from about 0,02 ohm-
cm to about 100 ohm-cm. For values outside that range, we obtain only
upper or lower limits, One may note that if the sample resistivity
at pressure exceeds 100 ohm-cm, the shunting of in-material manganin
gages will be negligible, for any reasonable gage design., For sample
resistivities below 0,02 ohm~cm, the gages will have to be insulated

with some other material,

Excellent records were obtained in the two experiments, with
copper-base-plate stresses of 150 GPa and 95 GPa, Because of the lower
shock impedance of granite, relative to copper, the initial shock
transmitted into the sample was less than half the base-plate stress,
but the granite approached stress equilibrium with the base plate via
successive shock reflections frum the anvil and the base plate alter-
natively. It should be noted that the internal energy increase
associated with a peak stress reached via reflected shocks will general-
ly be lower than the internal energy associated with a peak stress
reached via a single shock. Voltage decrease steps on both records
could be time-correlated with the arrival of the first shock at the
rear electrode and/or arrival of reflected shocks at either the base
plate or the rear electrode., The resistance of the shunt path through
the sample is calculated from the voltage ratio, and a raw resistivity

41
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is calculated by assuming that the sample area is equal to the area

of the rear electrode, and that the sample length is equal to the
initial sample thickness, The raw resistivity can be corrected for

the decrease in sample thickness due to shock compression and for the
fringing-field effect, We can also estimate the magnitude of the
correction that results from our use of epoxy to bond the assembly.
Keeler has stated that epoxy becomes a good conductor above about

30 GPa; we interpret this to imply a resistivity below 1000 ohm=-cm.

We measured the resistivity of epoxy to be about 2 ohm-cm at 70 to 80
GPa in a reflected-shock experiment. In the granite resistivity experi-
ments, the epoxy correction is negligible, provided that the epoxy
resistivity is in the range of 1 to 100 ohm-cm at the pressures of
interest. If the epoxy resistivity is as high 1000 ohm-cm at pressure
(which we consider highly unlikely), it has the effect of a 10~ohm
resistor in series with the granite, and our inferred granite resistivi-
ties err on the low side. 1f the epoxy resistivity is substantially
lower than the granite resistivity at pressure, the area of the rear
electrode is effectively increased, and our granite resistivities err

on the low side. In Table 2 we include an estimate based on reasonable

extremes of epoxy behavior.

In-Granite Gage Experiments

Experiments with in-granite manganin gages were initiated as soon
as it became evident that granite would probably be used in the Husky
Pup Debris Coupling Experiment, Initially we used Bradford granite,
because it was on hand, but Raymond (Husky Pup) granite was used for
the later experiments, The major purpose of these in-granite guge
experiments wos ¢o provide us with information and experience applicable

to the design of in-granite gnges for the Debris Coupling Experiment.

Accordingly, most of the iu-granite gage experiments were add-ons to
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gage calibration experiments, In general, the uniform stress region
of a base plate was reserved for time-of-arrival pins and calibration
experiments; the less uniform (but higher peak-stress) region was used

for the in-granite gage assemblies,

The first in-granite gage records were extremely noisy. Since
the onset of the noise coincided with shock arrival at the granite,
about 300 ns prior to shock arrival at the gage plane, we inferred the
noise to be piezoelectric, ascribable to the compression of quartz
crystals present in the granite. Our initial approach to the noise
problem was to increase the gage viewing current, thereby increasing
the signal and the signal-to-noise ratio. Subsequently, when it
became apparent that transformer coupling would be necessary in Husky
Pup (to make the transition between 100-ohm RG-22 and 50-ohm RG 331),
we tested a commercial off-the-shelf transformer in an in-granite gage
experiment, Despite an impedance mismatch (the transformer was designed
for 75-ohm and 124-ohm cable) the transformer worked very well and also
served to filter out most of the piezoelectric noise, Accordingly,
custom transformers were ordered for Husky Pup use, Additional tests,
including some dedicated experiments with long pulse duration explosive-
in~contact geometries, werc performed to test the longer-term surviva-
bility of various gage geometries and to test the performance of the
prototype Husky Pup gage system under simulated field (long cables)
conditions.

In the course of these in-granite gage experiments, we observed
an apparent shomaly in gage response at stresses in granite above an
estimated 60 GPan, Although the in-Viatal gage records on the same
base plate were clearly flat-topped, in accordance with the stress wave
shape expested from flyer-plate impact, the in-granite records indicated
& triangular stress wave shape. These in-granite records could be

interproted as the result of shunting, the result of gage placement in
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a nonunifrom stress region, or the result of stress relaxation caused

by phase transformations in the granite,

In the final tests of in-granite gages, the uniform stress region
of the base plate was used. Time-of-arrival pins (for stress calibra-
tion) and in-Vistal gages were alsv placed in the uniform stress region.
Each granite assembly contained a Lagrangian array of three 0,05-ohm
gages (identical in impedance with Husky Pup gages). The experiments
also served as a test of the Husky Pup field power supplies and custom
signal transformers. Two hase-plate assemblies, each of which contained
stress calibration pins, and one in-granite Lagrangian gage experiment,
were shock-~loaded by replicate flyer-plate systems, On the basis of
the base~plate stress (determined from the pin records) and existing
Hugoniot data for granite, one could predict flat-topped stress records,
with the manganin resistance change corresponding to a peak stress of
65 GPa, and with no attenuation of peak stress over the wave propagation

cdistance spanned by the gage planes,

In both experiments the gage records obtained differed substantially
from these predictions, The stroas waves were not flat-topped, the peak
stress inferred from the manganin resistance change was 80 GPa, and peak
stress attenuated sharply with distance of wave propagation into the
granite, The in-Vistal records did show a flat-topped peak of the
predicted duration,

¥We interpet these results in terms of the phase transition behavior
of quartz and feldspar, major constituents of Raymond granite., The
granite shocks up to a metastable state and begins to transform to
denser phases, resulting in the observed stresa relaxation. We intfer

that currently accepted Hugoniot data for granite (and perhaps for other

rocks, as well) may be significantly in error in the stress region above '

about 850 GPa. The discrepancy between our results and earlier work is-

L e i g 5
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.thg;vclidity of the simulation., Capacitor voltages of up to 30 kV were

ascribable to the rapid attenuation of the shock in granite, a phenomenon -
that was not easily measured before the development of in-material stress

gages,

In terms of the internal energy increase of the shock-compressed
material, we conservatively estimate 20% higher values than would be
predicted from earlier Hugoniot data, assuming the same stress-wave

input (corresponding to our experiments) for both estimates.

EMP Simulations

To minimize shunting by shock-induced conductivity of the granite,
it was necessary to use manganin gages of very low impedance (0.05 ohm)
in the Husky Pup  experiment, Viewing current was to be limited to about
20 A to avoid excessive 12R heating of the gages. Anticipated manganin
resistance changes at pressure were of the order of 200%, and the corre-
sponding signal would he about 2 V. Effective EMP shielding of the

system was therefore critical.

A:simple mockup of the gage systom was constructed and tested in

“a simulated EMP environment. These tests were designed and performed

by Art Whitson and Robert Bly of-SRI's'Elect:omagnetic Science Laboratory.
Although the primary purpose of these tests was to discover and correct
any weaknesses in the design of the ggéé system, the tests also provided

excellent training for the personnol who would install the field system.

The ENP was simulated by a tf{gcered,cnpaoitor discharge into a

terninated transmission line, one leg of which consisted of the mockup

of the proposed gage system, Crggxai elements of the mockup (gage

~ pliccuont and layout, shield plaéémont,‘cnble types, signal transformer,
" and power supply) were identicnl with the field system, Granite was

_,consbrvativoly'nodolod by ntyroféal; and cable lengths were necessarily .

much. shorter than field lengths, but these differences did not affect
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used to drive currents up to 600 A in the outer shield of the mockup,
and voltages induced in the gage circuit were monitored through the

cutput of the signal transformer.

These tests disclosed the need for additional shielding of the
power and signal cables in the region between the granite block and the
power supply. The added shielding of a double layer of copper braid
surrounding the power-signal cable pair for each gage performed well in

the simulation tests and was used in Husky Pup.

These tests also disclosed the vulnerability of the power =supply
enclosures to RF penetration via the ac line and via control and status
indication cables, Robert [ly designed an appropriate system of filters,
surge arrestors, an isolation transformer, and a power contactor to
harden the ac line entry. Hardening of the control and status indication
cables (or power supply redesign) did not appear possible within the
available time before Husky Pup execution, The only apparent solution
was to disconnect these cables during the period of last possible access
to the power supply alcove, It would also be necessary to disable the
power supply crowbar circuits at this time, No further tests of the
gage system would be possible prior to the actual experiment, for without
the crowbar circuit, which limits the length of the current pulse through
the gage, the gages would be destroyed in dry runs, Furthermore, there
would be no way of determining whether the power supplies were operative

immediately prior to the execution of Husky Pup,

Goage System Design and Construction

The essential components of the system were four-terminal in-granite
gages (seven mangonin piezoresistive stress gages and one aluminum~
resistance temperature gage), down-hole power supplies, recording instru-

ments, cables, and shielding. It was necessary to use very-Jow-impedance

. manganin iagon in Qrdcr to minimize shunting due to shock-induced

47
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(and perhaps also radiation-induced) electrical conductivi*y of the
granite. Four-terminal measurements were necessary, as opposed tc
two-terminal measurements, in order to accurately measure the resis-
tance changes of the low-impedance gages. Because of the limited
number of up-hole cables available, it was necessary to put the power
supplies in an alcove near the Working Point, thereby reducing the

number of required high-quality up-hole cables from 32 to 8.

The severe EMP environment necessitated exceptionally good
shielding, combined with the highest possible signal levels. In a
four-terminal resistance measurement, the voltage output is IR, the
product of the gage resistance and the viewing currenrt, but the heating
effect of the current is proportional to Izn. Since the manganin gage
would be subjected to a large temperature increase on shock compression
and a temperature increase due to radiation, we arbitrarily decided to
limit the additional 12R heating to the amount that would produce a
IOOQC rise over 200 us. This limit corresponded to a viewing curreut
of about 20 A, and the sxpected resistance~increase signal at 100 GPa
(one megabar) would be about 2 V, for a manganin gage having an initial

resistance of about 0,08 ohm,

The basic requirement for the power supply was that it supply a
constant current of 20 A for a period of about 200 us, The power
supply must be triggerable, so that the current pulse can be started
at a predetermined time before arrival of the stress wave at the gage.
To permit test pulsing of the gage, one needs a 'crowbar” circuit to
shut off the current pulse before the guge is destroyed by excesstve
heating. In the actual experiment, however, the crowbar is unnecessary

and is preferably disconnected, to ensure that the current pulse is not

shut off prior to stress-wave arrival at the gage.

R g o
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A simple capacitor-discharge system, essentially a modified version
of the standard manganin gage power supply developed at SRI 12 years
ago, was designed to meet the power supply requirements. A simplified
diagram of the gage system is given in Figure 11, The power supply is
bagically a charged capacitor in series with a gwitch (SCR) and various
resistances, including the gage resistance. The capacitor has a value
of 1000 uF and is charged to 500 V; the sum of the series resistances
is about 25 ohms. With an RC time constant of 2,5 x 10-'2 s, the initial
20-A gage current decays by only 1% over a period of 250 us, assuming
that the series resistance remains constant, The series resistance is
composed of a 20-ohm ballast resistance, a 3.4-ohm cable resistance
(over the run between the power supply and the granite block), the
0.05-ohm gage resistance, and about 0.2 chm for the resistance of the
gage leads in the granite block (from the gage plane to the rear of
the granite block)., We can neglect the shunting eifect of the signal

circuit resistance (> 100 ohm) in parallel with the gage resistance.

Upon stress-wave arrival the resistancy of the gage element will
increase by about 220% for 100 GPa (one megabar)., The manganin portion
of the current leads (about 0,05 ohm in the gage plane) will increase
in resistunce simjilarly., The manganin leads are welded to copper foil
leads that wiil be progressively shock-heated as the shock propagates
through the ¢ -anite, As a result of the shock heating, the copper
leads will increase in resistancc by 300 to 400%. Since we wanted to
continue recording manganin resistance over about 10 us after shock
arrival, the (hange in resistance of the copper loadq in the region
noar the gage had to be considered. Ve minimized the effec: by
keeping the copper foil lead resistance low (about 0,02 oha) over the
region betwean the gage plane and a transition plan" about 10 cm down-
streun, where the foil leads were joined to #16 copper wire leéads, which

ran to the rear af the granite block. Although gage failure was expected
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to occur before the shock reached the transition region, we must note
that the #16 copper wire leads (about 0.08 ohm initial resistance)
would be subject to radiation preheat and could possibly double in
resistance over the period of time between nuclear zero and shock wave

arrival.

The total of these resistance changes is small--less than 2% of
the initial series resistance of the discharge circuit--and the constant-

current conditions are not substantially changed.

The full power supply schematic diagram is given in Figure 12,
Since 1000-UF capacitors of the renuired voltage rating were either not
available in time or were prohibitively expensive, series-connected
2000-uF capacitors were substituted. The circuit was laid out symmetri-
cally, to minimize EMP problems, As noted previously, the ready-light
circuit and the crowbar circuit were disconnected prior to the actual
experiment, The peak capacitor voltage is regulated by a zener string;
isolation resistors between the zener string and the capacitors provide
protection against the effects of radiation-induced zener failure at
nuclear zero (perhaps a remote pogsibility). The temperature-gnge powver
supply differed only in its use of 50-ohm ballast resistors, limiting

viewing current to 5 A,

A complete power supply, including the capacitor charging circuit,
was constructed for each active gage. Mil-spec (125C) components were
used, in recognition of possible hiuh temperatures in the instrumentation
alcove during grout curing, and the circuits were potted in silicone
rabber for moisture protection, The power supplies were thoroughly
bench~tested and they were also use-tested in laboratory exveriments
on the dynamic response of in-granite gages. The field power supply
container was a compartmented steel box, 1,8 m long by 0,4 m wide by
0,23 m deep. The box was welded from 3.2-mm-thick steel; the removable

top cover plate, also 3,2-mm-thick steel, wus socured by 10«24 amachine
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screws spaced 20 mm apart. Within the Lox, compartment covers of
1.6-mm~-thick steel served to individually shield each power supply.

All welds were continuous and hole-free; closures were designed with
wide mating areas to permit bonding with conductive epoxy (in addition
to the machine screws) at final button-up., The final test of the power
supplies prior to fielding was a 60-hour burn-in (ac power on) in the
closed field container, to ensure that no overheating problems would

develop in the field.

The topology of the shielding is illustrated in Figure 13. The
granite core assemblies were shielded by closely fitting contajiners
welded from 3,2-mm-thick aluminum, These containers were connacted
through a steel bellows to a large compartmented steel J-box at the
rear of the granite block. Each gage assembly within a core was
individually shielded by two layers of aluminum with a total thickness
of 0.3 mm, The aluminum shielding was bonded to l-mm-wall thickness
copper pipe that provided additional shielding for each pair of RG22
cables over the run from the rear of the granite core into the J-box.
Over the run hetween the J-box and the power supply alcove, there were
two continuous layere and one partial layer of shielding. The continuous
layers consisted of a double copper braid spun over a pair of RG-22
cables ond soldered to nippleés at both the J-box and nower supply ends,
and the outer shield (double copper braid) of each RG-22 soldered to
nipples on inner partition walls of both the J~box and power supply box,
A purtial shield was provided by steel conduit welded to the J=box and
terninating in an open ena at the bypass-bypass extension intersection.
Ths up-hole cable shields provided continuity between the power supply
box and the instrumentation trailer. It must be emphasized that the
topology of the shielding was not violdted in actual practice. All
shields icro hole~free, and all shield connections were made by welding,
soldering, or large-ares conductive spoxy bonds. The ac line~hardening

measures are also illustrated in Pigure 13,

83




The granite core assemblies are illustrated in Figures 14 and 15,
These assemblies were built up of closely fitting individual granite
pieces, bonded by A1203-10aded epoxy. Note that the gage and the foil
leads lie in a plane parallel to the direction of shock propagation;
this edge-on geometry gave long gage survival times in laboratory
experiments. The leads remain parallel to the shock direction anrd
widely spaced for about 10 cm downstream of the gage element, at which
point the lead spacing is narrowed, the leads jog, and connections are
made to #16 copper wire. The copper wire was epoxied into grooves cut in
pieces of granite, For the closest-in gages, the cross-sectional area
of the shielded region was reduced from 15,3 cm2 at the gage to 4.6 cm2
at the transition to #16 wire, This reduction in shield area was made
to reduce EMP vulnerability. The shield area had to be larger in the
vicinity of the gage in order to reduce shunting through shock-compressed

(electrically conductive) granite.

The preheat temperature gage was a grid photoetched from ordinary
household aluminum foil, 0,025 mm thick, and had an initial resistance
of 0,463 ohm. This is simply a four-teminal resistance thermometer;
the change in resistance is proportional to the preheat temperature,
and the revording scheme is identical with that used for manganin stross
gages. Aluminum was used because it has nearly the same atomic number
as the surrounding granite and should therefore be heated similarly by
radiation, The use of aluminum, as opposed to nickel or platinum
(conventional resistance-thermometer materials), permits one to avoid the
problem of heat transfer between the gage und the granite, We would have
preferred to use a gage of much higher resistarce, since the temperature
gage was intended to record only prior to stress-wave arrival und shunting
was not a constraint, We did try to make a higher-impedance grge, but we
could spend only one day at it {(without compromising the fielding
schedule), and we had-to accept the lower-impedance gage,
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On the basis of preshot calculations, the temperature gage was
placed at a distance corresponding to about 250 GPa, Two manganin
gages, one of which was an unpowered background gage, were placed at the ‘
predicted 100-GPa range. Two more gages, with high impedances of 0.305
ohm and 0.05 ohm, respectively, were placed at the predicted 80-~GPa
range., The purpose of the different impedances was to provide data on
the magnitude of the shunting effect. One gage was placed at each of

the ranges corresponding to stresses of 60 GPa, 40 GPa, and about 35 GPa,

Fielding

The granite cores were installed on schedule, and the entire gage
system, from the granite block to the recording trailer, was completed
in time for about a week of dry runs prior to MFP, No problems with the
system were encountered in any of these dry runs, including MFP, After
MIP, we disconnected the crowbar circuits and status indication cables,

and the alcove was sealed off by a grout pour,

Unfortunately, the grout pour fouled the alcove dewatering system '
and the alcove completely flooded. The water rose well above the top
of our power supplies and the water pressure was estimated to have been
about 10 atmospheres (1 MPa), The alcove was subsequently reentered.
The power supply box was full of water, and the ac contactor was badly
corroded, After the water was emptied out of the power supply box and
the power supplies were dried off, the power supplies were tested, and
found in perfect working order, The potting had prevented any domage.
After replacement of the ac contactor, the entire gage system was checked
out under partial power, Since the c¢rowbars were disconnected, we
allowed the capacitors to'chargc up to only 50 V (instead of the nomal
300 V) before discharging them through the gagea. This was a more
severe test of the triggering system than a full power discharge. The
powar uupplyibox was buttoned up again, and the alcove was sealed off,
after installation of a nqv'dcvntorxnx'lynttu. |
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Prior to Husky Pup execution, the alcove flooded again, The
evidence relating to the water depth in this gsecond flooding is contra-
dictory. If one believes the water level gages, the depth did not
exceed 3 feet. If one believes the manganin gage power supply status-
indication lights (the terminals in the alcove were disconnected from
the power supply but still "live'), the maximum water depth exceeded
4 feet.

Results

The recording instrumentation functioned perfectly, but the gage
power supplies did not trigger. However, we obtained excellent time-of-
arrival data from the piezoelectric signals produced by shock compression
of the quartz crystals in the granite. One of the noise records is
shown in Figure 16. For comparison, we show a record of a laboratory
experiment with an in-granite gage Figure 17, This experiment was a
test of the Husky Pup gage system: a Husky Pup power supply, custom
signal transformer, a 0.05-olun gage nearly identical to a Husky Pup gage,
and granite cut from the Husky Pup Raymond granite block., The noise
in this laboratory experiment began at the time of shock arrival at the
granite, about 300 ns before shock arrival at the gage. Since the gages
in Husky Pup were individually shielded, the first piezoelectric noise
should appear after the shock wave enters the shielded region, In cur
experience with in-granite gages in laboratory experiments, the noise
pickup invariably begins befors the shock wave reaches the gage plane,

In Husky Pup, the manganin gnges were located ~ 1.8 cm behind the shield,
In essence, there is a 1.5~0m uncertainty in the position of the shook
front at the time of the first appearance of piezoelectric noise in our
Husky Pup records. The time-of-arrival (TOA) data are listed in Table

3.

These data complesment the TOA data obtained by the other granite

block experimenters and confirm that peak strosses at varicus propagation
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Tahle 3
GRANITE BLOCK TIME-OF-ARRIVAL DATA
Distance from Front of

Granite Block, Measured in
Direction of Core Axis

(cm) Time of Arrival
Shield Gage After Nuclear Zero

Channe} Core Position Position (us)

308 0.1 m (temp. gage) 98,6 98.9 < 27.0

301 0.2 m 134 135.4 53.9

302 0.2 m 134 135.4 53.4

303 0.2 m 145.4 146.9 62.7

304 0.2 m 145.4 146.9 63.0

305 0.2 m 159.4 160.9 75,7

306 0.2 m 180.4 181.9 84,7

307 O.lm 184.0 185.4 98,4
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distances were about twice as high as pre-experimeni predictions,
Because of this gross error in prediction, only one of the manganin
gages (the predicted 35 GPa) was actually located in the stress region
below 100 GPa, the maximum stress at which we expect in-granite manganin
guges to work, If the power supplies had triggered, the remaining gage
records would probably have yielded only time-of-arrival information,

albeit without the 1.5-cm uncertainty of the present data.

The EMP shielding measures were effective, In the manganin gage
records, EMP noise levels had decayed to less than one volt in six of
the seven cases (the seventh had a4 2 V level) by the time of shock arrival

at the gage (ranging from 50 to 100 us after nuclear zero).

The EMP noise was quasi-sinusoidal, with a period of about 10 us,
The expected stress signals, based on preexperiment calculatioens, would
be essentially triangular, rising within 1 us to a peak of about 2 V
and decaying toward initial levels over about 10 us, Because of these
essontial differences between tho noise and the expected signals, the
signals would lLave been clearly discernible, If the power supplies had
triggered and if the stress levels had been in the predicted range, the

observed EMP noise would not have seriously degraded the accuracy of

peak stross measuroment.

In the temperature gage record, the noise levels are comparable

.with the expected signal level, Because of the character of the expectéd

et v k1.

signal {a gradual rise from 2.5 V to adbout 7 V over 30 us), it is doubtful
that good temperature data would have been obtained even 1f the power

supplies had triggered.
Discussion

It 18 not possible (o determine why the power supplies failed to

trigger. The same signnls successfully triggered oscilloscopes in tlie

recording van, The trigger cable connectors in the alcove may have

SNPGRS I




been short-circuited by water several days before the shot when the
alcove flooded. More likely, however, the ac power to the power supplies

was lost, possibly by corrosion of the ac contactor points.

It must be recognized that measurements of stress-wave propagation
at very high stresses (100 GPa and above) are difficult and entail a
high risk of failure, even without the problems (large induced electric
fields, neutron, gamma, and X-ray fluences) associated with the nuclear
oest environment, The results of the Debris Coupling Experiment clearly
demonstrate the feasibility of close-in measurements; the major environ-
mental problems were successfully surmounted. The manganin gage appears
to be a useful close-in stress trunsducer, and, given advance warning,
it would be simple to build a submersible power supply. Preheat tempera-
ture measurements also appear feasible; the necessary higher signal
levels could be easily obtained, given au!f!ciént leud time to construct

a high-impedance resistance thermometer.

i; ‘The detailed plan of the DCE evolved during a series of planning ,
moetings chaired by Dr. C, P. Knowles of RDA and attended by experi-

menters and theoretictians from various agencies including LASL, LLL,

SA1, EGkG, PI, AFWL, S8S, IKRT, SLA, SRI, and DNA, The extraordinary

feature of these mecetings was the prevalxthg sbirit of working townrd

a comaon goal, There was rrio exchang. of ideas and criticism, all

directed toward a successful solution to the experisertal probloms,

Design decisions were deferred witil the last possible moment, in order

to take advantige of information snsndd froa concurvent laboratory

1 m & ST

expeviments. The schedule was so tight that there wao little time for
the DCE experimenters to participate in Husky Pup dry runs, but it
would uppourrthnt the additional time spent in planning and in labora-
tory experiments adequately conpcgnatod for the aissed dry runs ;nd
nade possible A state-of~the-art nuzlear experiment.
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Appendix

SUMMARY OF SHOCK-LOADING EXPERIMENTS

Flyer~Plate Experiments

In all of these experiments, flat-topped stress waves were produced
by the impact of an explosively accelerated metal flyer plate on a metal
base plate, on which gage packages were mounted. Coaxial shorting pins
were used to measure flyer-plate velocity, shock velocity in the base
plate, free surface velocity of the base plate, and planarity of flyer-
plate impact. I1. every case, the explosive was an 203 mm (8 inch)
diameter pad of PBX (plastic bonded HMS), initiated by an 203 mm (8 inch)
diameter plane-wave lens, There was a 1.5 mm (1/16 inch) air gap between
the PBX and the metal flyer (to minimize flyer-plate spall), and the
flyer plate was accelerated over a free run of 28 mm (1.1 inches) of
air. The experimental variables were PBX thickness, flyer-plate thicknesg,
flyer-plate material, base-plate thickness, base-~plate material, and the

gages themselves (method of construction, insulator material, etc.).

3654~1-~1 102 mm~-thick PBX, 4.76 mm thick type 304 stainless stoel
flyer, five manganin gage packages on the bhnse plate, 7wo
gugea were packaged in Vistal (fully dense A1203 ceramic),
two gages were packaged in fused silica, and one gage was
packaged in granite, One each of the Vistanl and silica
packages was bonded by Cabal glass (2-1=9 molar ratios of
Ca0, Alzoa, and B O _, respectively). The other guge packages

2°3
were bonded by Alzoa-rilled epoxy (equal weights of Alzo

3

powder and Homalite 1100 epoxy), with relatively thick
(0.25 mm) hond lines. Initial guge resistances were
~ 0.2 ohm,
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3684-1-2

Results: Both Cabal-bonded gages failed about 50 ns after
shock-wave arrival, The other gages worked reasonably

well, surviving through partial stress release (™~ 150 us

for Vistal, ~ 800 ns for silica and granite packages).

Pin records were not obtained because of oscilloscope
malfunction; stress in base plate is estimated (based on
explosive-to~flyer-plate mass ratio and previous experience)
at about 130 GPa (1,3 Mbar). Corresponding stresses in gage
packages are ™~ 45 GPa in silica, ™~ 57 GPa in granite, and

~ 107 GPa in Vistal. On the basis of subsequently determined
manganin calibration data, observed resistance changes are
concordant with estimated stresses, but V;stal guge responge

is obviously degraded by excessive bond thickness.

76 mn thick PBX, 4.65 mm thick 304 £.8. flyer, 4,27 mm thick
OFHC copper base plate, and five gage packages. Gage
packages were Vistal (two gages), fused silica (two guges)
and granite. One vistal package was Cabal-bonded, remaining
gages vere bonded with Alzos-londed epoxy (~ 0,25 mm bond

lines). Initial gage resistances were about 0.2 ohm,

Results: The Cabal~bonded gage failed agbout 100 ns after
shock arrival; the other gages survived through partial
stress release. Pin records were not obtained; estimatad
stress in copper is about 100 GPa (1 Mbar), based on explq—
oivo~to-f1yo§~p1:tc-¢gss ratio; the in~silica manganin

gages indicate a strass of about 38 GPa, implying a stress

in copper of 105 GPa und s stress in Vistal of about 88 GPa. .
Resistance changes in all gages are concordant with subse~
quent culibraiion results; the Vistal racord was degraded

by excessive bond thickness.
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3654-1-3

3634-1~4

127 mm thick PBX, 3.05 mm thick 304 S.S5. flyer, 4.66 mm
thick OFHC copper base plate, four gage packages, and two
resistivity experiments., Gage packages were granite (two
gages), Vistal, and fused silica, all bonded by A1203-loaded
epoxy. One of the granite gages had a thick (0.33 mm) bond
at the gage plane; the other gages had thin bonds (0.033 mm)
including the 0.025 mm gage thickness. Reduction in bond
thickness required modification of A1203-1oaded epoxy (31

wgt% 0.3 micron Al O_ powder, 68 wt% 1100 Homalite epoxy),

2°3
Gage design was modified for lower initial resistance of
about 0,15 ohm, Resistivity samples were Raymond granite

and single-crystal Mg0, backed by copper anvil-electrodes,

Results: The in~silica gage failed on shock arrival,
remaining gages survived through partial stress release,
good resistivity records wer¢ obtained, and pin records
vielded independent measurement of stress in the copper base
plate of 150 % 10 GPa. Corresponding stress in Vistal was
122 * 7 GPa, and observed peak resistance change, & R/Ro =

2.05, decayed about 10% over 400 ns. In retrospect, minor

. shunting apbeurt to have occurred. The records from both

tn-zranite gages were very noisy (due to piezoelectric noise),

but observed resistance charges appeared lower than expected.

102 ma thick PBX, 5.51 mm thick 304 5,5, flyer, 4.67 ma

thick OFHC copper base plate, fivée gage packages, ani one
granite resistivity experiment, GCage packiges were Vistal
(two gages), fused silica (two gages), and granite, all
with thin bonds. One of the Vistal packages was backed by

eluninum, to provide a step release point, and one of the

JUT




3884-1-5

silica packages was backed by PMMA (plexiglas) for step

release, Initial gage resistances were ~ 0,15 ohm.

Results: One in-silica gage failed on shock arrival, two
gages (one in-Vistal and one in-silica survived through
stress release. and two gages (in-Vistal and in-granite)
survived at least through partial stress release (the

osc. Lloscope windows did not cover the full release). A
good resgistivity measurement wasg obtained, and excelient

pin records were cbtained, Based on the pin records, the
stress in the copper base plate was 96 * 2 GPa, and the
corresponding stress in Vistal was 80 = 2 GPa. The shapes
of the in-Vistal records agree in detail with calculated
stress-wave profiles, The in-silica record (32 GPa) and the
in-granite record (40 GPa) are somewhat noisy but follow
expected profiles and show resistance changes compatible
with accepted manganin calibration data., The release steps
(Vistal-aluminum and silica-PMMA) yield resistance changes
that coincide with resistance changes on loading, and resist-
ance hysteresis on release to zero stress is no more than

about 5%,

152 mm PBX, 3.05 ma thick tool~steel flyer, 4.83 mm thick
OFHC copper base plate, and four gage packages, Gage packages
were Vistal bucked by aluminum (for step release), copper

{the gage elemont was insulated from the copper by C.1 nm-
thick pieces of fused silica), aluminum-foil-shielded granite
(the gage element was insulated from the foil by 0,18 mm

thiok layers of szo =-loaded epoxy), and unshielded granite,

3
The Vistal and unshielded granite packages hac¢ thin (0,033 mm)
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3654-1-8

bonds in the gage planes. The unshielded in-granite gage
was powered by a prototype 20~A constant-current supply and
the signal was transformer-coupled (a test of the gsystem
propesed for use on Husky Pup)}. The in-granite gages had
initial resistances of ~ 0,5 ohm; the in-Vistal and in-

copper gages had initial resistances of ™~ 0,15 ohm,

Results: The in-copper gage shorted on shock arrival and

the shielded in-granite gage shorted about 20 ns after

shock arrival. The in~Vistal gage and the unshielded gran-
ite gage survived through partial stress release. Excellent
pin records yielded a stress in copper of 155 + 5 GPa, corre-
sponding to a stress in Vistal of 128 + 5 GPa. The prototype

Husky Pup system worked well,

127 mm~thick PBX, 3.05 mm thick 304 8,8, flyer, 4.52 mm thick
OFHC copper bLase plate, four gage hackages, The gage packages
(thin loaded epoxy bond) were Vistal backed by aluminum

(two gages) and granite (two gages). One of the in-granite

. gages was aligned with its thickness (and the bond plane)

normal to the shock front; the other in-granite gage wag in
the conventional parallel geometry. In-Vistal gage elemonts
were inttially ~ 0.15%5 ohm; in-granite goge elements were
indtially ~ 0,5 ohm.

'
Results: The parallel-geometry in-granite guge failed during
stress rise; tho other gogoes survived through partinl stress
release. Good pin records yielded a stress in the copper
buse plate of 150 + 10 GPa, correspondirg to a stress in
Vistal of 120 + 7 GPa, Observed gage resistance profiles
agresd well with calculated stress-wave profiles,

n
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3654-1-7

3654-1-8

102 mm-thick PBX, 3.85 mm thick tool-steel flyer, 4,67 mm
thick OFHC copper base plate, four gage packages. Gage
packages (thin loaded epoxy bonds) were silica-insulated
aluminum, silica-insulated copper, Vistal, and granite.
The in-granite gage had an initial resistance of 0.5 ohm,

the other gages were initially 0,15 ohm,

Results: The in-copper and in-aluminum gages shorted on
shock arrival, the in-Vistal gage survived for about 100

ns at stress, and the in-granite gage survived through
stress release, The pin records could not be deciphered,
and the in-granite record was too noisy to be useful,

The double~humped appearance and early failure of the in-
Vistal record and the "noise’ in the in-granite record

can be interpreted as evidonce of multiple shocka resulting

from in-flight fragmentation of the flyer plate,

127 mm-thick PBX, 3,33 mm-thick 404 8.8, flyer, 4.74 mm-
thick OFHC copper base plate, four gage packages. Gage
packages (thin loaded epoxy bond) were Vistal (backed by
aluminum), silica-insulated aluminum, and granite., The
fourth gage was in Lucalox (fully dense Alzo3 ceramic)
bonded by ceramic strain-gage cement. The in-granite gage
was initially 0.8 ohm, the in-lucalox gage was initially
0.2 ohm, and the in-Vistal and in-aluminum gages were

initially 0,15 ohm,

Results: All gages survived througn partial stress release;
good pin records yieldsd stress in copper of 105 + 8 GPa.
Corresponding ctronioc in Vistal (and Lucalox) and in alumi~
num were 88 + 8 GPa and 87 + 5 GPa, respectively.
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The Vistal record was flat-topped and gave a step release
point as planned. The ceramic cement-bonded Lucalox record
showed a sharp rise to a resistance ratio in agreement with
the Vistal record. However, the res.stance rose by an
additional 25% over the next 100 ns and then remained rela-
tively constant until stress release, This additional rise

is attributed to dimpling of the gage coused by interaction

of the gage with the porous ceramic cement. The silica-
insulated in-aluminum gage had a poor rise time (about 200 ns)
and reached only about half the expected resistance change

at stress. Shunting probably occurred.

102 mm~thick PBX, 3.05 mm~thick 3C4{ 8.5, flyer, 4.85 mm thick
2024T6 aluminum base plate, two in-Vistal gages, and a three-
gage in-granite lLagrangian array. One of the in-Vistal gages
was backed by aluminum and used a 0,15-ohm elemont. The
other in-Vistal guge used a 0.05-ohm element, The in-granite
gages used 0.05~ohm elements powered by Husky Pup power

supplies, and the signals were transformer-coupled,

Results: All gages survived through at least purtial stress
release, and the Husky Pup systems (0,08-ohm gages, 20-A
power supplies, wideband signal transformers) worked very
well. However, the records were somevhat noisy, and only
the free-surface-velocity pin records were obtained, The
in-granite gages indicated pousib;o stress relaxation in
granite, The 0,03~chm in-Vistal gage showed an abnormally

low reaistance change at pressure; this effeut is ascribed

-0 a poorly positioned potential lead connection.
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3654~1-12 102 mm~thick PBX, 3.05 mm~thick 304 S.S. flyer, 4.95 mm

-

thick 202476 aluminum base plate, two in-Vistal gages, and
a three-gage in-granite Lagrangian array, This shot was a
repeat of 3654-1-11, with the addition of aluminum~foil
shielding around the in-Vistal gages and around the in-

granite array,

Results: All gages survived through at least partial stress

release, the Husky Pup systems worked well, and excellent

pin records were obtained. The additional shielding resulted
in substantial noise reduction, and the possible stiress

relaxation in granite was again observed. The resistance

T TR M WA Wt

change at peak =tress was about 10% higher for the 0,05-ohm
in-Vistal gage than for the 0,15-ohm in-Vistal gage. This

result is interpreted as evidence of minor shunting.

B A e a

Explosive-in~Contact Experiments

In these two experiments, relatively-long-duration (but attenuating)
st ess waves ware produced'by plane~wave initiation of a pad of explo-
sive xn'contnct with a metal base plate on whiﬁh gage packages woré
mounted. The stress in the base plate was not measured independently
of the gage measurements; these dxperiments were intended as test of

the Husky Pup gage configuration and recording system over longer times

than could be obtained with flyer<plate systoms,

3654-1-9 P=60 152 sm~diameter plane-wiuve lens, 851 mm-thiok PBX,
6.38 mm~thick 2024 T6 aluminum base plate, one uctive in-
granite gage in parallel geometry. The Husky Pup power
supply and signal transformer was used and the signal was

transmitted over 400 maters of RG-S cable, ii simulation of
NIS tgcordlnc conditions,
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3654~1-10

l.esults: A good record was obtained; the gage survived

for 4 us before excessive lead stretch occurred.

Repeat of 3654-1-9, except that the gage was in the edge

on geouetry,

Results: A good record; the gage survived for 8 us before

lead stretch became excessive.

Gas Gun Experiments

These experiments were designed to test a modified version of the

mutual-inductance particle velocity gage to assess its potential for

use in the very-high-stress range.

3654-6-1

3654-8-2

B AR I G A TR TR IV IRA BRI AR A 1T e e s ety

An experimental nonconducting projectilo made from nylon
and syntactic foam with a Lucalox head was accelerated to

1200 a/s in the SRI 102 mm-bore gas gun.

Results: The projectile broke up in flight and no ussful

data were obtained.

A etandard aluminum gns gun projectile, modified by the
additfon of a 31 wmm-long Lucalox-faced plexiglas head

extension, was accelerated to 775 /s in tho SR! 64 ma-bore

Resilts: 'Tﬁc particle voloéity gage gave an excellent recoxd,
with no evidence of perturbation by the aluminum portion of
the projectile,
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